mitogens as stimuli and exposed the clones to potential antigens in the presence of autologous monocytes as antigenpresenting cells. Four of the 27 CD4+ clones responded to oxidized low density lipoprotein (oxLDL) by proliferation and cytokine secretion; this response was dependent on autologous antigen-presenting cells and restricted by HLA-DR. All clones that responded to oxLDL secreted interferon v upon activation, but only one produced interleukin 4, suggesting that the response to oxLDL results in immune activation and inflammation but may not be a strong stimulus to antibody production. No significant response to oxLDL could be detected in CD4+ T-cell clones derived from the peripheral blood of the same individuals. Together, the present data suggest that the inflammatory infiltrate in the atherosclerotic plaque is involved in a T-cell-dependent, autoimmune response to oxLDL.
Atherosclerosis, an underlying cause of myocardial infarction, stroke, and other cardiovascular diseases, consists of focal lesions of the arterial intima which are characterized by cholesterol deposition, fibrosis, and inflammation (1) . These lesions begin as local infiltrates of monocyte-derived macrophages, T lymphocytes, and lipoproteins (1) (2) (3) . Experimental data suggest that local endothelial expression of the vascular cell adhesion molecule 1 (4) and chemotactic stimulation by oxidized low density lipoprotein (oxLDL; ref. 5) may be important for the formation of this early lesion. During the subsequent progression of the lesion, macrophages are transformed into lipid-laden foam cells, presumably by uptake of oxLDL (2, 6, 7) , and smooth muscle cells migrate into the lesion to form a fibrous cap around the lipid-rich core (1) . Activated macrophages and T lymphocytes may, by means of their cytokine secretion, regulate foam cell transformation, smooth muscle proliferation, and the generation of free oxygen radicals (3) .
Low density lipoprotein (LDL) is modified by oxidation in macrophage-rich tissues and large amounts of modified LDL can be detected in plaques (8) (9) (10) . Not only does such modified LDL stimulate T-cell migration (5) , but it is immunogenic and induces antibody production (9) (10) (11) . In fact, the systemic, humoral immune response to oxidation-generated epitopes on LDL correlates with the progression of carotid atherosclerosis (12) . Immune complexes consisting of oxLDL and antibodies
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to oxLDL can be found in atherosclerotic lesions of rabbits and humans (13) . We therefore speculated that the T cells and macrophages in the plaque may participate in an immune response to oxLDL. Plaque T cells are phenotypically different from those of peripheral blood, since they represent a memory cell subset characterized by expression of the CD45RO surface protein and by surface markers of late-stage activation (14) . This phenotype has the capacity for secretion of several cytokines (15) and there is direct evidence for a local secretion of interferon y (IFN-y) in the plaque (16) . In addition, HLA class II molecules are expressed by smooth muscle cells, endothelial cells, and macrophages of the plaque (17, 18) . These proteins can be induced by IFN-,y, and the data therefore support the concept that activated plaque T cells regulate gene expression in surrounding cells by a paracrine, cytokine-mediated pathway (3, 19) .
The presence of activated T lymphocytes and macrophages (14, 16, 17, (20) (21) (22) and extensive expression of HLA class II molecules (17) are indicative of a local immunologic activation in the atherosclerotic plaque, but the antigen(s) involved has not yet been identified. We have established T-cell clones from atherosclerotic plaques by using polyclonal mitogens as stimuli. Because oxLDL is present in atherosclerotic plaques in significant amounts and is immunogenic, we asked whether the isolated clones would respond to oxLDL in the presence of autologous monocytes. We now report that a significant proportion of the CD4+ clones responded to oxLDL by proliferation and cytokine secretion and that this response was dependent on autologous antigen-presenting cells and restricted by HLA-DR. These data suggest that atherosclerosis involves an autoimmune response to oxLDL.
MATERIALS AND METHODS
Isolation and Cloning of T Cells from Human Atherosclerotic Plaques. Atherosclerotic plaques were obtained from three patients undergoing carotid surgery due to transitory ischemic attacks. Cells were isolated by collagenase digestion and T lymphocytes were cloned from the cell suspension by limiting dilution (23) . Mitogenic OKT3 antibodies (Ortho Diagnostics) were used to cross-link the antigen receptor complex, recombinant interleukin 2 (IL-2, Ala-125 substituted; Amersham) was used to promote growth, and irradiated peripheral blood mononuclear cells (PBMC) were used as feeder cells to maintain the clones (23 (23) . They were then subjected to proliferation assays in the presence of tetanus toxoid at 10-50 ,ug/ml, ovalbumin (Calbiochem-Novabiochem) at 25 ,ug/ml, and native or oxLDL at 10 ,tg/ml as stated in Results.
Immunophenotyping. T-cell clones were stained with fluorescent antibodies to CD3, CD4, and CD8 (monoclonal antibodies Leu-4, Leu-3a, and Leu-2, respectively, from Becton Dickinson) and analyzed in a FACScan flow cytometer (Becton Dickinson) by using the LYSYS II software package.
LDL Oxidation. LDL was isolated in the presence of 1 mM EDTA from the pooled sera of fasting human subjects by ultracentrifugation through KBr as described (24) . KBr was removed by gel filtration on Sephadex G-25 M (PD-10; Pharmacia) and 200 ,ug of LDL per ml was oxidized by incubation with 5 mM CuS04 in 5 mM Hepes buffer containing 150 mM NaCl, 4 mM CaCl2, and 2 mM MgCl2 (pH 7.2) for 20 h at 37°C (25, 26) . Oxidation was then inhibited by addition of butylated hydroxytoluene to a final concentration of 20 ,uM (26) . The degree of oxidation was evaluated by an assay for thiobarbiturate-reactive substances (TBARS; refs. 25 and 27) and LDL protein was characterized by agarose electrophoresis and quantitated by Bradford's method (28) . TBARS values were 16 + 8 mmol of malondialdehyde equivalents per mg of protein for oxLDL preparations and <1 mmol/mg for native LDL (nLDL). nLDL was maintained in 20 ,tM butylated hydroxytoluene to prevent oxidation (11) . All lipoprotein preparations were sterilized by filtration through 0.22 ,um Millex GV filters before use.
Blocking Antibodies. The hybridoma L243, which produces a monoclonal antibody to human HLA-DR (29), was obtained from the American Type Culture Collection and grown in Iscove's modified Dulbecco's medium with 2 mM L-glutamine, 0.45 mM sodium pyruvate, 50 mM 2-mercaptoethanol, 0.5% Primaton RL (Sheffield Product, Kraft), and 10% fetal bovine serum. Culture in dialysis tubing (30) was used to obtain large amounts of antibody, which was purified from the medium by affinity chromatography over protein G-Sepharose (Pharmacia). The purified L243 IgG was dissolved in phosphatebuffered saline (PBS; 154 mM NaCl/10 mM sodium phosphate, pH 7.2) and used at 10 ,tg/ml in blocking experiments. The mouse myeloma IgG MOPC 21, which does not recognize any known determinant in human cells (31) 
RESULTS
Atherosclerotic plaques were obtained from three patients undergoing carotid artery surgery due to transitory ischemic attacks. Cells were isolated by collagenase digestion, and T lymphocytes were cloned from the cell suspension by limiting dilution (23) . Mitogenic OKT3 antibodies were used to crosslink the antigen receptor complex, recombinant IL-2 was added to promote growth, and irradiated, autologous PBMC were used as feeder cells to maintain the clones (23) . Large numbers of T-cell clones of both CD4 and CD8 phenotypes were generated from each plaque biopsy by using this technique (Table 1) . Similar clonal libraries were established from the peripheral blood of the same individuals. Since polyclonal mitogens (OKT3) rather than specific antigens were used to activate the T cells, the clonal libraries thus established had the potential of containing many of the different immunologic reactivities that had been present in the T-cell population in the plaque (23) .
Southern blot analysis of the organization of the T-cell receptor genes indicated that all clones displayed different gene rearrangement patterns; they were therefore of polyclonal origin (23) . A phenotypic analysis was carried out by flow cytometry. All clones expressed CD3 and either CD4 or CD8, indicating that they were mature, T-cell receptor a13-type T cells (23) . The majority of clones in all three libraries were of the CD4+ phenotype (Table 1) . Since exogenous antigens are presented by major histocompatibility complex class II molecules, which are exclusively recognized by CD4+ T cells, clones of this phenotype were selected for the antigenpresentation analyses.
The hypothesis that oxLDL is an important local (auto)antigen in the atherosclerotic plaque was tested by challenging our T-cell clones with oxLDL. CD4+ clones were exposed to copper-oxidized LDL in the presence of irradiated, autologous PBMC that could serve as antigen-presenting cells. CD4+ T cells immunospecific for oxLDL would be expected to respond to this stimulus by proliferation. Fig. 1 shows a typical positive response. The CD4+ clone RB2 responded to oxLDL by a 5-fold increase in DNA synthesis compared with the level in the absence of oxLDL (Fig. 1) . The response was dependent on the presence of antigen-presenting cells, since addition of oxLDL to RB2 in the absence of PBMC did not induce proliferation (Fig. 1) . The monocyte-dependent oxLDL response of RB2 could be blocked with the monoclonal antibody L243, which reacts with HLA-DR, but not with the control monoclonal MOPC 21 (Fig.  1) . This strongly suggests that the response to oxLDL represented an immunospecific T-cell activation by an HLA class II-restricted antigen presented by autologous monocytes.
No distinctive dose-response relationship could be discerned in the pattern of reactivity of this clone to oxLDL at 2-20 ,tg/ml (Fig. 1) , and the response was of a significantly lower magnitude than that mounted when antigen receptor complexes were cross-linked on the surface of RB2 by the anti-CD3 antibody OKT3 (data not shown). This might be partly explained by a growth-inhibitory effect of oxLDL at higher concentrations. However, no cytotoxic effects of ox-LDL were observed in our experiments (see Fig. 4) . A low-level proliferative response could be seen when nLDL was used as an antigen instead of oxLDL (Fig. 1) . This might be due to the minimal oxidation of the LDL preparation that occurs despite precautions (11) .
HLA-DR-restricted oxLDL activation was observed with several other plaque CD4+ clones from the three libraries. The responses of clones NN13, KB12, and RB16 are displayed in Fig. 2 . As can be seen, T-cell proliferation of these clones was also stimulated by oxLDL at 2-20 ,g/ml. Again, the responses were inhibited by anti-HLA-DR but not by MOPC 21, and they were dependent on the presence of autologous monocytes in the coculture system (Fig. 2) .
A summary of the proliferative responses of all CD4+ clones to oxLDL is displayed in Fig. 3 . In total, six different preparations of LDL were tested for activation of T-cell clones. Four of 27 tested plaque-derived clones responded with a stimulation index between 3 and 5. These clones were immunospecific for oxLDL when applying the criteria of a >3-fold increase in DNA synthesis, dependence on autologous monocytes, and inhibition by anti-HLA-DR antibodies. None of the peripheral blood CD4+ clones from any of the three patients exhibited significant responses to oxLDL (Fig. 3) . Interestingly, two of the plaque-derived clones showed a modest response-i.e., stimulation indices between 2 and 3-with nLDL ( Figs. 1 and  3 ). This suggests that these clones also react with LDL that has been modified by the cells in the coculture system. To exclude the possibility that the observed proliferative response in the presence of oxLDL was due to a nonspecific enhancement by oxLDL of the immune recognition of non-LDL antigens present in the cultures, the effect of oxLDL on the antigen recognition by tetanus toxoid-specific T-cell clones was tested. Tetanus toxoid-specific T-cell clones were generated from the peripheral blood of a healthy donor. Fig. 4 shows that this clone responds to tetanus toxoid but not to oxLDL and that the rate of proliferation in response to tetanus toxoid is not affected by the simultaneous presence of oxLDL or nLDL. Two more tetanus toxoid-specific T cell clones were tested with identical results (data not shown). These results demonstrate that neither oxLDL nor nLDL enhances non-LDL-related immune recognition and support the conclusion that the oxLDL-dependent proliferative response of the plaquederived T-cell clones is due to an immunospecific recognition of oxLDL.
The oxLDL-reactive clones secreted IFN-,y upon maximal stimulation with a CD3-crosslinking antibody (stimulation index, 629 ± 300; mean ± SD). In contrast, only one of the clones (RB16) produced significant amounts of IL-4 under the same conditions (stimulation index, 36). The responses to oxLDL stimulation under antigen-presenting conditions were generally of a lower magnitude than those exhibited towards anti-CD3 stimulation (data not shown).
DISCUSSION
The results of the present study demonstrate that human atherosclerotic plaques contain CD4+ T cells immunospecific for oxLDL. This report, to the best of our knowledge, is the first identification of an immunologic specificity of T lymphocytes in human atherosclerotic plaques. Our conclusion is based on the responses of three clonal libraries established from advanced atherosclerotic plaques. At least one oxLDLreactive clone was identified among the 8-10 clones tested in each library. In contrast, no oxLDL-specific clones were identified in libraries established from the peripheral blood of the same patients. However, no certain conclusions regarding the frequency of oxLDL-specific T cells in the atherosclerotic plaque could be made by using the current approach. Instead, such data await limiting dilution assays. The clones described here should, however, be useful for characterizing the specific epitopes, receptors, and restriction elements involved in the T-cell response to oxLDL. example, both 4-hydroxynonenal-and malondialdehydemodified lysine act as B-cell epitopes and are present in atherosclerotic plaques (8) (9) (10) (11) . Because oxidation of LDL represents a complex and heterogeneous series of reactions, it is likely that many structures are formed that may serve as neoantigens and give rise to many different T-and B-cell clones reactive against a large variety of epitopes.
The T-cell epitopes generated during oxidation of LDL which were recognized by these clones are at present unknown. The data of the present report allow a few predictions to be made. First, the response of the T-cell clones required the presence of antigen-presenting PBMC. This suggests that lipoprotein oxidation must be followed by receptor-mediated uptake and intracellular, lysosomal degradation to generate the mature T-cell epitopes. It is also likely that intracellular processing is necessary for the association of the T-cell epitopes of oxLDL to HLA-DR. Second, the low-magnitude, clonal T-cell response to nLDL in the presence of monocytes suggests that the latter cells generated the relevant epitopes during the coculture period-e.g., by release of oxygen radicals that generated a low level of oxidation of LDL. T-cell epitopes were therefore probably generated both by copper oxidation and by monocyte-dependent oxidation, and because the response was clonal, it is likely that the same epitopes were generated in both reactions. The rather modest degree of oxidation involved (-10-20 nmol of thiobarbituric acid reactive substances per mg of protein) suggests that the T-cell epitopes recognized in our system were generated relatively early during the oxidative modification of LDL. It will now be important to identify the individual epitopes involved and to determine whether they are native or modified peptides from the apoprotein component of LDL.
LDL is present in high concentration in atherosclerotic plaques, where oxidation may occur via several mechanisms (8, 32) . Presumably, this generates large amounts of antigen during the progression of the disease (2) . As mentioned, antibody responses are mounted against oxLDL (9, 11) . Very few B cells are, however, present in the plaque (20) . In contrast, T cells are quantitatively important cellular components of the plaque throughout its development (20) . Most of these T cells express the CD45R0+ phenotype (14) , which is expressed by T cells that, after their first antigen encounter in Proc. Natl. Acad Sci. USA 92 (1995)
. 1-1111,1--l-I lymph nodes, migrate to peripheral tissues (36) . There, they can respond to antigenic challenge and perform effector functions. The observation that oxLDL stimulates DNA synthesis in bulk cultures of peripheral-blood T cells (37) might be explained by the presence in the blood of oxLDL-reactive memory T cells en route to peripheral tissues.
The secretory pattern of CD4+ cells upon activation can be functionally divided into the THi and TH2 types, although the basis for these categories in man may not be as clearcut as it is in mice (38) . In the case of oxLDL-responding T cells in the piaque, our data suggest that secretion of IFN-,y is more important than IL-4 secretion. The latter induces B-cell differentiation and antibody production, whereas the former activates macrophages, resulting in inflammatory responses (38) . This would be in line with data showing few B cells but large amounts of activated macrophages (3, 17, 20, 22) and secretion of both monokines (39, 40) and IFN--y (16) in plaques. The B-cell stimulation elicited by an initial T-cell response to oxLDL may, however, not be negligible, since antibodies to oxLDL are produced in high titers in apolipoprotein E knock-out mice that develop severe atherosclerosis but not in closely related mice that do not have atherosclerosis (41) . Similarly, a high titer of such antibodies predict progression of carotid atherosclerosis in humans (12) .
An autoimmune response to oxLDL may be of significant pathogenetic importance in atherosclerosis. Induction of antibody production would promote the elimination of oxLDL via Fc receptors (42) . Secretion of IFN-'y would be expected to promote macrophage activation (43) and down-regulate scavenger receptor expression and intracellular cholesterol accumulation (44, 45) . It also inhibits smooth muscle proliferation (46), a-actin expression (47) , and collagen formation (48) . Together with tumor necrosis factor, IFN--y induces production of the vessel-relaxing factor, nitric oxide (49) . Several of these phenomena have been demonstrated to occur in vivo and are likely to inhibit the fibrotic, stenosing process. This could be beneficial for the affected individual. It is, however, also possible that macrophage activation and the loss of structural proteins could increase the risk for plaque rupture and the formation of aneurysms. In conclusion, therefore, it is reasonable to suggest that the cellular immune response in the atherosclerotic plaque plays a modulating role in the development of the disease. Further experiments will be necessary to determine whether it is essentially beneficial or destructive.
